Janus films with asymmetric properties on opposite sides have been widely used to facilitate energy storage, ion transport, nanofiltration, and responsive bending. However, studies on Janus films rarely involve controlling surface adhesion, either dry or wet adhesion. Herein, we report Janus adhesive tape with an asymmetrically crosslinked polydimethylsiloxane (PDMS) network prepared through an interfacial hydrosilylation strategy, realizing wet/dry amphibious adhesion on various solid surfaces. The lightly crosslinked side of the Janus adhesive tape acts as an adhesive layer with high adhesion, and the highly crosslinked side functions as a supporting layer with high mechanical strength. This Janus adhesive tape with good adhesion and mechanical properties can be dyed different colors and can act as an underwater adhesive and a skin adhesive for wearable electronic devices. This study provides a promising design model for next-generation adhesive materials and related applications.
Introduction
Janus films with asymmetric features on opposite sides have been emerging as important functional materials that strongly affect various applications in energy storage 1 , ion transport 2, 3 , nanofiltration 4 , and responsive bending [5] [6] [7] . Many unique methods have been developed to prepare a series of functional Janus films with asymmetric properties such as wettability, surface charge, and morphology 8, 9 . For example, hydrophilic-hydrophobic Janus films were fabricated by electrospinning as materials for excess biofluid removal 10 or as battery separators 1 . Electrostatic heterostructure Janus films were fabricated by spin-coating and microphase separation for ion rectification 3, 11, 12 . Hydrogel-elastomer/organogel Janus films were fabricated by interfacial polymerization for mechanical robustness, antifouling 13, 14 , or responsive bonding 5, 15 . However, studies on Janus films rarely involve controlling surface adhesion, either dry or wet adhesion.
Many unique adhesion phenomena in nature, such as dry adhesion of geckos [16] [17] [18] [19] and wet adhesion of mussels [20] [21] [22] [23] , barnacles 24 , and octopi 25 , have inspired the rational design of functional adhesive materials. Geckoinspired dry adhesion 26 and octopus-inspired wet adhesion 25, 27 are often based on elaborate replicating templates with unique structures. Mussel-and barnacleinspired wet adhesion is based on molecular design, such as graft 28 or block 29, 30 copolymerization. By synergistically combining the salient elements of both gecko and mussel adhesives, PDMS micro-/nanopillar arrays coated with a thin layer of synthetic catechol-based polymers have been fabricated to achieve adhesion in both dry and wet environments 31, 32 . However, the elaborate preconstruction of surface micro-/nanostructures or the introduction of catechol groups into adhesive polymers greatly restricts the practical applications of these functional adhesives. It is still a great challenge to develop wet/dry amphibious adhesive materials without laborious replicating structure preparation and molecular design.
Herein, we present an interfacial hydrosilylation strategy to fabricate asymmetric Janus adhesive tape by curing lightly crosslinked PDMS on partially cured highly crosslinked PDMS. The lightly crosslinked side exhibiting high adhesion force acts as an adhesive layer, and the highly crosslinked side exhibiting high mechanical strength functions as a supporting layer (Fig. 1a) . This asymmetric Janus adhesive tape simultaneously possesses good wet/dry adhesion performance and good mechanical properties and can adhere to different kinds of substrates. This study provides a new concept for designing nextgeneration adhesive materials with wet/dry amphibious adhesion properties.
Experimental procedure
Materials PDMS-based elastomer Sylgard 184 (Dow Corning, United States), which consists of silicone base and a crosslinking agent.
Procedures

Fabrication of Janus adhesive tape
Different ratios of the silicone base and curing agent (Sylgard 184, Dow corning) were well mixed by a mechanical agitator in a plastic cup for 5 min at 500 rounds per min. The mixture was vacuumed in a vacuum pump for 30 min to remove air bubbles. Highly crosslinked PDMS (20:1) was cured at 80°C for 15 min to make it partially cured. Then, the same amount of lightly crosslinked PDMS precursor (50:1) (dyed with Oil Red) was poured on top of the precured 20:1 PDMS, and the two components were subsequently cured at 80°C for 1.5 h to make them completely joined together through an interfacial hydrosilylation reaction.
Mechanical property testing
The tensile test (stress, strain, and elongation at break) was performed with a dynamometer (M5-2; Mark-10 Fig. 1 Design and characterization of asymmetric Janus adhesive tape. a Schematic of Janus adhesive tape with an asymmetrically crosslinked network prepared through an interfacial hydrosilylation strategy. The lightly crosslinked PDMS acts as an adhesive layer with high adhesion, and the highly crosslinked PDMS acts as a supporting layer with high mechanical strength. b Visible spectra at the interfacial transitional region of the Janus adhesive tape. The gradual increase in the absorption peak at 518 nm (probed by Oil Red) indicates the gradient diffusion of the curing agent across the interface. Note that the supporting layer (20:1) was kept transparent and that the adhesive layer (50:1) was dyed with Oil Red. c The mechanical and d adhesion properties of the Janus adhesive tape, with HCPDMS tape and LCPDMS tape used as controls. e The Janus PDMS tape shows apparent asymmetric adhesion performance of its two sides and can withstand large deformations Corporation). The stroke speed in the tensile test was 100 mm/min.
Adhesion force testing
The adhesion test of the Janus adhesive tape was performed with a dynamometer (M5-2; Mark-10 Corporation). The precursor mixtures were wiped on a polymeric support membrane (fluoroalkylsilane-modified polyethylene terephthalate film), and the samples for measurements were tailored to 10 mm wide, 1 mm thick, and 60 mm long. For the peeling adhesion force test, the peeling speed was 500 mm/min, and the maximum adhesion force was read while peeling off the rest of the sample from the substrate. All the tests were repeated at least three times.
Surface modification of substrates
The silanization reactions were performed at a temperature of 80°C under reduced pressure (≈0.2 atm) for 5 h by placing samples in a closed chamber. The silanes chosen to modify the substrates are (3-aminopropyl)trimethoxysilane, 15 CH 3 (C 16 ); and 1H, 1H, 2H, 2H-perfluorododecyltrichlorosilane, CF 3 (CF 2 ) 9 (CH 2 ) 2 SiCl 3 (C 10 F 21 ). The concentration of the silane was 5.0 × 10 −3 M.
Surface topography characterization of the transferred polymer chains
Silicon wafers tailored to the size of 1 × 1 cm 2 were cleaned by piranha solution (mixture of 7:3 (v/v) 98% H 2 SO 4 and 30% H 2 O 2 ) at 100°C for 1 h, followed by thorough ultrasonication for 10 min in acetone and ethanol. Then, the silicon wafers were rinsed three times in Milli-Q water and blown dry with nitrogen gas. Next, the cleaned-washed silicon wafers were positioned under Milli-Q water, and three kinds of PDMS tapes, Janus adhesive tape, highly crosslinked PDMS (HCPDMS) tape, and lightly crosslinked PDMS (LCPDMS) tape, were vigorously and repeatedly attached to and detached from the surface of the silicon wafers three times. Subsequently, the silicon wafers were removed from the water and very gently blown dry with nitrogen gas. The surface topography of the transferred polymer chains was studied using an atomic force microscope (AFM, SPM-8000, Shimadzu). The AFM tip is N-type single-crystal silicon with a rectangular cantilever, and the force constant is 0.01-0.5 N/m. The same steps were carried out to inspect the surface residue with confocal laser scanning microscopy (CLSM) after immersing the attached/detached silicon wafers into rhodamine 110 solution.
The contact state test between the Janus adhesive tape and a glass substrate
In the CLSM observation experiment, Janus adhesive tape was labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) (≥98%; Aladdin) in red, and H 2 O was labeled with Rhodamine 110 (≥98%; Aladdin) in green. The concentration of the fluorescent dyes is 10 nM.
Results and discussion
As a widely used elastomer, PDMS often acts as a soft and sticky sealant in microfluidic 33, 34 and wearable electronic devices 35, 36 at a low crosslinking degree and as a hard and less sticky stamp for microscopic patterning 37, 38 at a high crosslinking degree. Its crosslinking degree can be regulated by changing the proportion of two precursors, silicone base and curing agent. In our design, we integrated LCPDMS (w silicone base :w curing agent = 50:1) and HCPDMS (w silicone base :w curing agent = 20:1) together through an interfacial hydrosilylation reaction 39 . Briefly, we first prepared a partially crosslinked PDMS layer by curing a 20:1 mixture of silicone base and curing agent at 80°C for 15 min. Then, we wiped a layer of 50:1 silicone base and curing agent on the precured 20:1 PDMS layer and cured them together at 80°C for 1.5 h. The unreacted curing agent on the surface of the precured 20:1 PDMS layer reacted with the newly added silicon base of the 50:1 PDMS layer through a covalent hydrosilylation reaction. Across the interface, the crosslinking degree has a gradient transition from 20:1 to 50:1 because of the slow diffusion of the reactive curing agent 40 . By dying the 50:1 PDMS with Oil Red and keeping the 20:1 PDMS transparent, we traced the gradient diffusion of the curing agent with Oil Red as an indicator. A gradual increase in the characteristic peak at 518 nm (Oil Red) can indicate the gradient diffusion of the curing agent during interfacial hydrosilylation (Fig. 1b) . The precuring time of the 20:1 PDMS is an important factor in the formation of Janus adhesive tape. If cured for a short time (<10 min), the 20:1 PDMS is still in mucus-like state and will irregularly fuse with the newly added 50:1 precursor mixture, which is thus unable to form the Janus tape. If cured for a long time (more than 30 min), little residual curing agent from the 20:1 PDMS layer is left to further react with the newly added precursor mixture, resulting in a weakly bonded Janus tape whose two layers are easily separated (Fig. S1) . With a suitable precuring time, the obtained Janus adhesive tape shows a high Young's modulus of 92.93 kPa and strong wet adhesion of 0.76 ± 0.03 N/cm and dry adhesion of 0.80 ± 0.04 N/cm (Fig. 1c, d ). In comparison, single-layer HCPDMS tape shows a high Young's modulus of 138.02 kPa but weak wet adhesion of 0.07 ± 0.01 N/cm and dry adhesion of 0.10 ± 0.03 N/cm (note that PDMS becomes too hard when proportions of precursors higher than 20:1 are used). Single-layer LCPDMS tape shows strong wet adhesion of 0.80 ± 0.07 N/cm and dry adhesion of 0.84 ± 0.09 N/cm but a low Young's modulus of 4.93 kPa (note that it is difficult to form films with proportions of PDMS precursors lower than 50:1). As shown in Fig. 1e , the Janus adhesive tape, which can be as thick as 10 mm or as thin as 1 mm, shows apparent asymmetric adhesion performance on its two sides and can withstand large deformations. Therefore, we successfully fabricated Janus adhesive tape with good adhesion and mechanical properties through an interfacial hydrosilylation reaction.
We further demonstrated the adhesion and mechanical properties of the Janus adhesive tape simultaneously by a blocking experiment. The Janus adhesive tape (diameter of 30 mm, thickness of 2 mm) was fixed onto a hole (diameter of 15 mm) on the underside of a 3 L beaker, and HCPDMS tape and LCPDMS tape samples with the same size were used as controls. As shown in Fig. 2a , the Janus adhesive tape can stop water leakage immediately after being pressed onto the hole. In comparison, the HCPDMS tape was washed away quickly from the hole once the hand left, which could be attributed to its weak wet adhesion (0.07 ± 0.01 N/cm). The LCPDMS tape can fix Fig. 2 Demonstration of the adhesion properties of the Janus PDMS tape. a Janus adhesive tape can attach firmly onto the wall of a 3 L beaker to stop water leakage. In comparison, the HCPDMS tape is easily washed away because of its poor adhesion properties, and the LCPDMS tape is easily damaged because of its poor mechanical properties. b The adhesion force of the Janus adhesive tape on various substrates, including polymers (PMMA and PTFE), inorganic nonmetallic materials (glass and quartz glass), and metallic materials (stainless steel and Al). c Comparison of adhesion force between Janus adhesive tape and smooth/frosted glass surfaces on the hole in the beaker but was damaged in seconds, leading to leakage again. This failure mainly results from its low Young's modulus of 4.93 kPa (Movie S1). In addition to flat glass substrates, this Janus adhesive tape can also adhere well to various solid surfaces, for instance, polymers (PMMA and PTFE), inorganic nonmetallic materials (quartz glass), and metallic materials (stainless steel and Al) (Fig. S2) . The peeling adhesion force between Janus adhesive tape and these substrates under water was observed to range from 0.70 ± 0.07 to 1.10 ± 0.06 N/cm, and similar results ranging from 0.76 ± 0.02 to 1.18 ± 0.13 N/cm were obtained in air (Fig. 2b) . Moreover, the Janus adhesive tape shows stronger adhesion to rough substrates than flat substrates; e.g., the peeling adhesion force increases by 30.9% on frosted glass compared to flat glass (Fig. 2c) . The low elastic modulus (4.93 kPa) of the lightly crosslinked side attached to solid surfaces allows the Janus adhesive tape to deform easily to contact rough substrates and increase the contact area, resulting in stronger adhesion. These results verify that the Janus adhesive tape with good adhesion and mechanical properties can be applied to various solid substrates.
To explore the underwater adhesion mechanism of the Janus adhesive tape, we further investigated the influence of surface wettability on its wet adhesion properties. Since PDMS with different crosslinking degrees (5:1, 10:1, 20:1, 30:1, 40:1, and 50:1) showed little change in hydrophobicity, with its air contact angle (CA) ranging from 112.1 ± 0.7°to 130.2 ± 3.6° (Fig. 3a) , we tuned the surface wettability of substrates with CA values ranging from 30.8 ± 1.9°to 113.0 ± 1.3°by modifying naked glass substrates with a series of silanes with different functional groups and chain lengths. As the hydrophobicity of the substrates increases, the wet adhesion force between the Janus adhesive tape and substrates shows an upward trend from 0.70 ± 0.07 to 1.53 ± 0.34 N/cm (Fig. 3b) . The underwater hydrophobic interaction has been observed at lengths up to hundred nanometers 41, 42 . We speculate that when the hydrophobic Janus adhesive tape and the contacting surface, which is not strongly hydrophilic, are close enough, the hydrophobic interaction between them may expel the water layer, the existence of which is considered the main reason for the failure of wet adhesion 43 . To verify our speculation, CLSM was applied to further observe the contact state between the Janus adhesive tape and glass substrate under water on a microscale. Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), a red dye, was used to label the Janus adhesive tape, and rhodamine 110, a green dye, was used to label water. When the Janus adhesive tape was not applied, the water (green) was in direct contact with the glass substrate (black). However, when the tape was attached to the substrate under water, the Janus adhesive tape (red) directly contacted the substrate (black), and there was no residual water (green) between them, indicating that the water layer was expelled (Fig. 3c) . When attaching Janus adhesive tape to substrates, the preloading force is an important factor in making the two surfaces close enough to maximize the hydrophobic interaction. Therefore, we then investigated the influence of preloading force on the wet peeling adhesion force of the Janus adhesive tape. As shown in Fig. 3d , the adhesion force showed an upward trend as the preloading force increased, which was in line with our speculation. The above results indicate that the hydrophobicity of Janus adhesive tape may facilitate wet adhesion by expelling the water layer with the assistance of preloading force.
After the water layer was driven away, the Janus adhesive tape could interact with substrates under water as it does in air. To better understand the wet adhesion performance of the Janus adhesive tape, we vigorously and repeatedly attached the Janus adhesive tape to and detached it from silicon wafers under water, with the HCPDMS tape and LCPDMS tape used as controls (Fig.  S3) . Atomic force microscopy (AFM) and CLSM were applied to characterize the surface topography changes of the silicon wafers on the nano-and microscale. As shown in Fig. 4a and b, after three cycles of attachment and detachment, AFM images showed that there were apparent topographic fluctuations on the surfaces treated Fig. 4 Polymer chain mobility-induced wet adhesion. After attaching/detaching Janus adhesive tape on silicon wafers three times under water, with HCPDMS tape and LCPDMS tape used as controls, the corresponding AFM images (a-c) and confocal images (d-f) show apparent residue from the Janus adhesive tape and the LCPDMS tape but not from the HCPDMS tape. g For the Janus adhesive tape, compared to the highly crosslinked side, the lightly crosslinked side attached to the substrate has many more free chains and dangling chains with high mobility to interact with the solid surface, showing strong adhesion. h For the HCPDMS tape, it has more crosslinked chains with severely restricted mobility, showing weak adhesion. i The LCPDMS tape shows the same wet adhesion mechanism as the Janus adhesive tape. The scale bar is 100 μm by the Janus adhesive tape and LCPDMS tape. Surface Raman spectra confirmed that the composition of the surface residue was PDMS (Fig. S4) . In contrast, there was no apparent topographic fluctuation on the silicon surface treated with the HCPDMS tape (Fig. 4c) . Subsequently, we visualized the surface residue on the microscale by CLSM by labeling the attachment-detachment-treated silicon wafers with rhodamine 110 solution (see Experimental section and Fig. S4) . CLSM images showed similar results as AFM: there was apparent large-scale surface residue on the silicon wafers treated with the Janus adhesive tape and LCPDMS tape, in stark contrast with the wafers treated with the HCPDMS tape (Fig. 4d-f) . In fact, if not pressed very hard, our Janus adhesive tape will leave little residue on the surface. Even if residue appears, in vitro cell culture 44 and skin experiments 45 have indicated the low cytotoxicity and good biocompatibility 46 of residual PDMS. The different surface topographies on silicon wafers could be attributed to the different polymer chain mobilities of these three tapes (Fig. S5) . For the Janus adhesive tape, compared to the highly crosslinked side, the lightly crosslinked side attached to solid surfaces has many more free chains and dangling chains with high mobility to interact with the solid surface. Moreover, some of the free chains can even be transferred to the solid surface and entangle with the nontransferred polymer chains upon the next contact process 47 , enabling strong wet adhesion (Fig. 4g) . In comparison, the HCPDMS tape has more crosslinked chains with severely restricted mobility and thus exhibits weak wet adhesion (Fig. 4h) . For the LCPDMS tape with more free chains and dangling chains, the wet adhesion mechanism was similar to that of the Janus adhesive tape (Fig. 4i) . Furthermore, the excellent adhesion performance of the Janus adhesive tape can also be explained from the viewpoint of interfacial energy dissipation (Fig. S6) . The lightly crosslinked side functions as an adhesive surface, and the highly/ lightly crosslinked PDMS layers act together as a dissipative matrix, which is tough and capable of dissipating energy effectively through hysteresis 48, 49 . Therefore, the excellent adhesion performance of the Janus adhesive tape could be attributed to the synergistic effect of the two layers.
We further demonstrated the potential applications of our Janus adhesive tape in skin adhesion. The Janus adhesive tape shows a high transparency of almost 90% (Fig. 5a ) and can be dyed different colors ranging from purple, pink, blue, and orange to red, which offers a variety of options in practice (Fig. 5b) . Due to its high optical transparency, flexibility, nontoxicity, and Fig. 5 Application of Janus adhesive tape in skin adhesion. a Janus adhesive tape shows a high transparency of almost 90%. The inset image shows an optical photograph of the Janus adhesive tape. b The Janus adhesive tape can be dyed different colors. By attaching a strain sensor to the pulse point through Janus adhesive tape (c), the frequent bending motions of the wrist can be accurately monitored (d) biocompatibility, PDMS is often used in wearable electronic devices as an important fixing material 35, 36 . However, the contradiction between the good mechanical and adhesion properties of PDMS restricts its practical application as a skin adhesive material. In contrast to our previous work 45 , we solved this contradiction by integrating lightly and highly crosslinked PDMS with an interfacial hydrosilylation reaction and first revealed its underwater adhesion properties. Our Janus adhesive tape with simultaneous strong wet/dry adhesion and high strength may provide an alternative candidate material to replace traditional homogeneous tapes. To illustrate this possibility, we fabricated a force sensor sealed by dyed Janus adhesive tape. The sticky surface of the Janus adhesive tape provided conformal implementation of the force sensor on human skin (Fig. 5c ). When the selfadhesive force sensor was applied to detect the bending motions of the wrist, the corresponding curves with good resolution and repeatability could be obtained (Fig. 5d) . Therefore, this Janus adhesive tape shows strong, robust skin adhesion.
Conclusion
To conclude, we demonstrated an interfacial hydrosilylation strategy for fabricating Janus adhesive tape with an asymmetric crosslinked PDMS network and achieving effective wet/dry amphibious adhesion on diverse substrates. The wet adhesion performance of the Janus adhesive tape is attributed to the combination of the hydrophobic interaction and polymer chain mobility. This asymmetrical Janus adhesive tape with simultaneous good adhesive and mechanical properties solved the problem of the contradiction between good adhesion and mechanical properties in current homogeneous adhesive tapes, which is a key issue for achieving robust adhesion. We anticipate that this Janus adhesive tape can facilitate the use of underwater and skin adhesive materials and shows great application prospects in the field of wearable electronic devices.
